A biomimetic method was used to promote bioactivity of ZrTiO 4 . Zirconium titanate was obtained by using a combination of techniques such as mechanical milling and heat treatment of zirconia and titania powders. The effect of milling time on the evolution of the ZrTiO 4 phase formation was studied. Powders were uniaxially pressed followed by heat treatment for 6 h at different temperatures within the range between 700 and 1500 ºC. Single phase ZrTiO 4 was obtained after ball-milling for 30 h followed heat treating in air at 1500 ºC for 6 h. For the biomimetic coatings were obtained by immersion of the samples in a simulated body fluid (SBF) for 7, 14 and 21 days on a bed of wollastonite powder, and were characterized by SEM, EDS, XRD, FT-IR and TEM. For comparison purposes, experiments were also performed without using the bioactive powder bed. A bone-like apatite layer was formed on zirconium titanate after 21 days of immersion in SBF using a bed of wollastonite powder.
Introduction
The biomaterials science has gained great importance because the human being wanted to improve their quality of life. The sophistication of implants and prostheses in recent years has led to the development of new materials with the necessary requirements to biomedical applications. And to gather the required properties in a single material, which have become the greatest challenge of our times 1 . And one of these possible materials can be composed of ZrO 2 and TiO 2 , such as zirconium titanate, which we will now talk about its characteristics both electric, and biocompatibility. Zirconium titanate is a material that has the potential for such application, due to its high performance, good stability at high temperature and high resistance to heat and corrosive environment; it is widely used in electronic components, that is, for telecommunication purposes such as resonators, capacitors, etc. 2 . Different methods have been employed to prepare zirconium titanate ceramic materials such as solid state reaction method, high energy ball milling, DC magnetron sputtering, co-precipitation, sol-gel and mechanochemical processing 3 . Mechanochemical processing has become very popular since it is a simple method to employ, in which there is no need to use solvents and with which sufficient volume of the material to be treated can be obtained in an economically viable manner 4 .
As mentioned previously, zirconium titanate is a material that has great qualities such as, high performance, good stability at high temperature and high resistance to heat and corrosive environment; and the compound may crystallize in the orthorhombic system, which is related to its electrical properties. The zirconium and titanium ions are distributed randomly occupying octahedral sites 5 . The traditional scope of zirconium titanate materials is that of electroceramics, as dielectric resonators due to their high dielectric constant (κ ≈ 35-46), high quality factor (Q ≈ 2000-8000) measured between 1 and 10 GHz and their small variation of the resonance frequency with temperature (τf ≈ 0 ppm ºC -1 ) 6-15 . These properties make the zirconium titanate materials useful in the field of telecommunications as tuners, filters and voltage oscillators tuneable by voltage 6, 11 . In addition, the dielectric properties of zirconium titanate have been determined in thin films prepared by laser ablation 11 . On the other hand, zirconium titanate materials are used in catalytic applications. Zirconium titanate has catalytic activity in some reactions, such as the non-oxidative dehydrogenation of ethylbenzene, which is important in the production of styrene. Likewise, it has been used in a large number of catalytic reactions as catalyst support [12] [13] [14] [15] . In addition, zirconium titanate has photocatalytic activity. Applications of zirconium titanate as a pigment 16 and as a hydrocarbon (methane, propane, toluene and hexane) 13, 17 and humidity sensor have also been described 18 On the other hand, zirconia has been used in combination with other oxides such as SiO 2 and Al 2 O 3 ; studies on biological behaviour have shown that zirconia and silica create favourable non-toxic layers with good biocompatibility 20 . In addition, ZrO 2 exhibits high mechanical strength, high fracture resistance and corrosion, making it a suitable material for implants 21 . Zirconium dioxide (ZrO 2 ) is a bioinert ceramic material generally known for its excellent mechanical strength and hardness. Materials based on both ZrO 2 and Al 2 O 3 are considered bioinert under physiological conditions and, therefore, in surface modification treatments 21 . Due to the excellent biocompatibility of titanium dioxide (TiO 2 ), recent studies have shown the manufacture of a highly porous ceramic material (scaffolding) from TiO 2 foams for bone growth and the ability to promote adhesion and proliferation of osteoblasts and mesenchymal cells (hMSC) on the entire surface of the scaffold in in vitro testing 20, 21 . On the other hand, crystalline TiO 2 has shown to have bioactive properties since its surface can support chemical bonds with bone, through the formation of an apatite layer similar to that of bone; however it lacks mechanical strength and hardness of ZrO 2 . Therefore, combining the favourable osteogenic properties of TiO 2 with the excellent mechanical properties of ZrO 2 may allow the manufacture of osteoconductive materials with sufficient mechanical strength to withstand the stress to which they will be subjected, while maintaining biocompatibility 20, 21 .
Biomimetic processes have been widely studied for growing a bonelike apatite layer on different substrates by immersion in simulated body fluids. In the case of the wollastonite, calcium ions released into the solution increase the ionic activity product of the apatite in the fluid and the Si-OH groups formed on the surface provide sites for apatite nucleation 22 . After the apatite nuclei are formed, they grow spontaneously since the solution is already saturated with respect to apatite. In this case, calcium and silicate ions dissolved from the bioactive material induce apatite nucleation on the materials placed nearby 20, 22 .
The aim of this study is to obtain the ZrTiO 4 ceramic material by mechanical milling followed by heat treatment, with the possibility of being used as a biomaterial. And so to face the problem of corrosion in physiological fluids that have certain metals and alloys, when used as implants in the body. The effects of milling time and heat treatment temperature on the evolution of the ZrTiO 4 formation are presented. In addition, selected samples were biomimetically treated on views to the potential use of this materials in biomedical applications, such as orthopaedic and dental implants.
Experimental

Zirconium titanate preparation
Single phase ZrTiO 4 materials were prepared by mechanical milling. This powder processing method has already been successfully used to prepare zirconate and titanate materials at room temperature 4, 23 . Stoichiometric mixtures of highpurity (≥ 99%, Sigma Aldrich) TiO 2 and ZrO 2 reagent grade chemicals were placed into zirconia containers along with 20 mm diameter zirconia balls as grinding media (balls to powder mass ratio = 10:1). Dry mechanical milling was carried out in air in a planetary ball mill using a rotating disc speed of 400 rpm for different milling times (1, 3, 6, 20 and 30 h). Phase evolution on milling was periodically analyzed by X-Ray Diffraction (XRD) in a Philips X'pert diffractometer (0.01º/s) using Ni-filtered CuKα radiation (λ=1.5418 Å) and reactions were considered complete when no traces of the starting reagents were evident by this technique. Pills (10 mm diameter and ~1 mm thickness) were obtained by uniaxial pressing (38 MPa for 20 sec) of the fine powders prepared by mechanical milling. To increase their mechanical strength and obtain dense samples, pills were heat treated at different temperatures 700, 1000 and 1500 ºC for 6 h (heating and cooling rates 2 ºC/min).
Biomimetic method
A Simulated Body Fluid (SBF) with ionic concentration nearly equal to that of human blood plasma (SBF) was used. The solution was prepared according to Kokubo´s recipe 24 , dissolving reagent grade sodium chloride (NaCl), sodium hydrogen carbonate (NaHCO 3 ), potassium chloride (KCl), dipotassium hydrogen phosphate (K 2 HPO 4 ·3H 2 O), magnesium chloride hexahydrate (MgCl 2 ·6H 2 O), calcium chloride dihydrate (CaCl 2 ·2H 2 O) and sodium sulfate (Na 2 SO 4 ) in deionized water and buffered with tri(hydroxymethyl)-aminomethane and 1N HCl at 36.5 ºC. The substrates were washed with acetone and deionized water, and then immersed in 150 mL of SBF at 36.5 ºC in an incubator, and under static conditions. The biomimetic coatings were obtained by the immersion of samples in SBF for 7, 14 and 21 days with or without the presence of a bed of wollastonite powder, as a calcium ions supplier, these ions are released into the SBF increasing the ionic activity, which generates the formation of apatite on the surface of the materials that contain it. The pills of the material were placed on a wollastonite bed in a container, one face of the pill was on the wollastonite bed, and the other face was exposed to the contact with the fluid. After immersion periods, substrates were removed from the bottles, gently washed with deionized water and dried at room temperature 22, 24 .
The surface of the biomimetically treated substrates was analyzed by X-Ray Diffraction (XRD) (Philips, X'Pert), then substrates were Au-Pd coated and analyzed by Scanning Electron Microscopy (SEM) (Philips, XL-30 ESEM) and Energy Dispersive Spectroscopy (EDS) (Philips, XL-30 ESEM). Microstructural studies were also performed using High-Resolution Transmission Electron Microscopy (HRTEM) (FEI TITAN HRTEM), while Infrared spectroscopy (IR, NICOLET 500) was employed to assess the growth of the phosphate groups (PO 4 ) 3-, which are characteristics groups of apatite.
Results and Discussion
The evolution of the ZrTiO 4 phase as a function of milling time can be observed in Figure 1 , which shows the XRD patterns of samples after different milling times (1, 3, 6, 20 and 30 h). For comparison purposes, the starting mixture is also included. The XRD pattern reported in the International Centre for Diffraction Data, ICDD (PDF 49-1642) for the fluorite cubic structure of ZrO 2 , was used as reference. The characteristic reflections of the anatase-TiO 2 (PDF 00-078-2486) are also shown.
The width and low intensity of these reflections is related
with the high structural disorder in these materials generated by mechanical activation. This pattern also reveals a slight increase of the reflections intensity with respect to the sample milled for 20 hours, which is practically amorphous. Either the crystallites growth of the formed phase or the increase in their number with milling time may be the cause for this effect. The presence of remnant reflections of starting reagents after 30 hours of milling made necessary a thermal treatment to complete the reaction of this mechanically activated composition. Figure 2 shows the effect of heat treatment temperature on the structural characteristics of the Ti-Zr materials. Figure 2a shows XRD patterns of ball-milled samples for 30 h followed by heat treatment at different temperatures (700-1000 ºC) for 6 h. As observed, as the heat treatment temperature is increased, an increase in the reflections intensity and a decrease in their width are observed, leading to a material with high crystallinity and crystallite size. It is also clear that patterns of fired samples correspond to the ZrTiO 4 phase. Figure 2b shows the XRD pattern of the ball-milled sample for 30 h after heat treatment at 1500 ºC for 6 h. A single and highly crystalline phase, identified as ZrTiO 4 (PDF 00-01-080-6058), was observed. Figure 3 shows SEM images of the studied composition at different magnifications after 30 h of milling and sintered at 1500 °C for 6 h. It is a well densified microstructure with dispersed grain sizes. The corresponding EDS spectrum confirms the presence of Pd, because the sample was coated with this to be analyzed. Figure 4 shows SEM images of sintered (1500 °C) ZrTiO 4 after 7, 14 and 21 days of immersion in SBF without using a wollastonite powder bed. As observed, no microstructural changes are observed, that is, there is no indication of the formation of a Ca, P-rich layer on the surface; this is probably due to the fact that the material is constituted by ZrO 2 , which is already known as a bioinert material 22, 24 . The EDS spectra confirm the presence of mainly Zr and Ti. During the immersion of bioinert samples in SBF, with no wollastonite powder bed, the nuclei formed are not able to grow since an excess of Ca and P ions is necessary. Thus, the nuclei formed tend to dissolve again 22, 24 . Zirconium dioxide (ZrO 2 ) is a biocompatible ceramic material generally known for its excellent mechanical strength and toughness. However, this material is considered bioinert under physiological conditions, and therefore surface modification treatments, such as calcium phosphate coatings, are necessary to produce a bioactive material surface which may allow direct contact between the material surface and bone tissue without fibrous encapsulation 20, 22, 24, 25 . However, some authors suggest that ZrO 2 is bioactive, because the ZrO 2 with tetragonal structure has presented apatite formation on its surface, it is also mentioned that in the presence of nanometer-sized particles of ZrO 2 it is also possible to make bioactive material; it is believed to be one of the reasons why the ZrO 2 is bioactive in comparison with ZrO 2 ceramics, which is considered bioinert 26 .
According to the results presented above, the sample selected for biomimetic treatment was that ball-milled for 30 h and heat treated at 1500 ºC. Figure 5 shows SEM images of ZrTiO 4 after 7, 14 and 21 days of immersion in SBF in the presence of a wollastonite powder bed. The EDS spectrum of the sample corresponding to 7 days of immersion (Fig. 5a) demonstrates that the compound formed on the surface contains calcium and silicon due to the presence of the wollastonite powder bed used as a supplier of calcium ions. This wollastonite powder may play an important role in the nucleation and growth of bioactive crystals in the next stages of immersion. After 14 days of immersion in SBF (Fig. 5b) , a new compound, with a microstructure consisting of agglomerates of a smaller size than that of the ZrTiO 4 grains, has been formed. According to the corresponding EDS spectrum, even though the Zr peak overlaps with that of P, the elements detected, apart from those of the substrate, are Ca, P and Si.
After 21 days of immersion in SBF, a homogeneous Ca, P-rich layer has been formed on the surface, this according to the corresponding EDS spectrum (Fig. 5c ). Silicon is also detected in a lower quantity than that corresponding to the sample immersed for 14 days (Fig. 5b) . This may indicate that the wollastonite particles that were observed on the sample after 7 and 14 days of immersion have been dissolved into the SBF and an ionic exchange between H + , from the SBF, and Ca 2+ , from the wollastonite powder, takes place. This eventually increases pH and the ionic activity product of Ca and P ions in solution, leading to the nucleation and growth of the Ca, P-rich compound.
On the other hand, if a wollastonite bed is not used during the immersion of samples in SBF for 21 days, no changes were observed on the material surface 24 . Figure 6 shows the FT-IR spectra of the untreated sample (before immersion in SBF), the sample after 21 d of immersion in SBF and the biomimetically-treated sample after 21 d of immersion in SBF on a bed of wollastonite powder. Regarding to the untreated ZrTiO 4 , the absorption band at 466 cm -1 corresponds to the vibration of the Zr-O bond and the absorption bands at 650 and 520 cm -1 correspond to Ti-O and Zr-O-Ti groups, respectively 25 . The spectrum of the sample immersed in SBF with no wollastonite powder bed is similar to that of the untreated ZrTiO 4 sample. In the FT-IR spectrum of the biomimetically treated sample, the absorption band at 574 cm -1 correspond to (PO 4 ) 3groups, several authors report the most intense signal of hydroxyapatite, the antisymmetric vibration of calcium phosphates υ3as(PO4) 3at 1040 and 1091 cm -1 . 26-28 and the stretching bands at 3645 and 2930 cm -1 correspond to O-H. These results are in agreement with those obtained by SEM and EDS and the presence of (PO 4 ) 3and O-H groups may indicate the formation of a bioactive compound on ZrTiO 4 after 21 days of immersion in SBF on a bed of wollastonite powder.
In the aim to identify the bioactive compound formed on the surface of biomimetically treated ZrTiO 4 , TEM and HRTEM analyses were performed (Figure 7) . The TEM image (Figure 7) shows the morphology of the material after the biomimetic process. The HRTEM image shows the lattice fringes of (211) and (112) planes of a hydroxyapatite crystal with a lattice spacing of 0.292 and 0.289 nm, respectively. This indicates that the growing layer on ZrTiO 4 may correspond to hydroxyapatite, HA [27] [28] [29] [30] . In order to verify this information, the chemical composition of the bioactive compound was evaluated by EDS. The resulting analysis revealed a Ca/P ratio = 1.54, which is lower than that of HA (1.67) and very similar to the apatite formed on the existing bioactive systems [27] [28] [29] [30] [31] [32] . Thus, the biomimetically treated ZrTiO 4 obtained in this work may exhibit a bone-bonding ability through the apatite layer.
Conclusions
The viability of using a combination between the mechanosynthesis method and the application of a heat treatment to obtain ZrTiO 4 was demonstrated. Results showed that 30 hours of milling followed by heat treatment at 1500 ºC for 6 h are necessary to consider the reactions completed. No bioactive compound was formed on the samples immersed for 21 days in SBF. On the other hand, when a wollastonite powder bed was used during the immersion of samples in SBF, apatite was formed on ZrTiO 4 samples. These results indicate that biomimetically treated zirconium titanate may be a potential material for biomedical applications. 
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